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Homeostatic regulation of energy balance in ro-
dents changes dramatically during the first 3
postnatal weeks. Neuropeptide Y (NPY) and
melanocortin neurons in the arcuate nucleus,
a primary energy homeostatic center in adults,
do not fully innervate the paraventricular nu-
cleus (PVN) until the third postnatal week. We
have identified two classes of PVN neurons
responsive to these neuropeptides, tonically fir-
ing neurosecretory (NS) and burst-firing preau-
tonomic (PA) cells. In neonates, NPY could in-
hibit GABAergic inputs to nearly all NS and PA
neurons, while melanocortin regulation was
minimal. However, there was a dramatic, age-
dependent decrease in NPY responses specifi-
cally in the PA neurons, and a 3-fold increase in
melanocortin responses in NS cells. These age-
dependent changes were accompanied by
changes in spontaneous GABAergic currents
onto these neurons. This primarily NPYergic
regulation in the neonates likely promotes the
positive energy balance necessary for growth,
while the developmental switch correlates
with maturation of homeostatic regulation of
energy balance.
INTRODUCTION
The transition from suckling to the independent ingestion
of food represents one of the major physiological chal-
lenges facing the energy balance system in young mam-
mals. Neonatal rats suckle frequently (Riul et al., 1999) to
take in adequate nutrition to fuel their intensive growth.
At around P15–P16, pups begin independent ingestion,
helping to initiate the weaning process (Swithers, 2003).
Accompanying this dietary switch are some critical meta-
bolic adaptations that must occur to allow appropriate
homeostatic regulation of food intake and energy expen-Neuronditure, in addition to accommodating many other physio-
logical demands of impending independence. During this
time, in addition to the many other physiological adapta-
tions necessary for autonomy, there is a marked develop-
ment of hypothalamic energy balance-related circuitry
responsible for the adult regulation of food intake and
energy expenditure, (Grove et al., 2003, 2005).
One of these critical metabolic adaptations includes the
development of ARH circuits that are primary homeostatic
feedback regulators of food intake and energy balance.
ARH circuits, including orexigenic neuropeptide Y (NPY)
and anorexigenic a-melanocyte stimulating hormone
(a-MSH) neurons, do not develop fully until the third post-
natal week. Around this time, projections to downstream
target sites, such as the paraventricular nucleus (PVN) are
completed (Grove et al., 2003; Bouret et al., 2004). Leptin,
a critical homeostatic feedback signal, has no effect on the
regulation of food intake or energy expenditure prior to the
development of these projections (Ahima et al., 1998; Mis-
try et al., 1999; Proulx et al., 2002). Despite the absence of
ARH-NPY projections, there is an abundance of NPY im-
munoreactive fibers within important feeding centers,
such as the PVN, during the early postnatal period (Wood-
hams et al., 1985; Grove et al., 2003). Although melanocor-
tin and NPY receptors are also present throughout the hy-
pothalamus at birth and have appropriate responses to
microinjection of agonists in the early postnatal period (Ca-
puano et al., 1993, Glavas et al. 2007, Grove et al., 2003),
a-MSH projections, likely from the brainstem, are sparse in
the early postnatal period Together, these data indicate
that in neonatal rodents there is a predominant orexigenic
drive, consistent with the observed rapid growth phase.
The PVN is considered an important target of ARH neu-
rons, and intra-PVN injections of either NPY or a-MSH
elicit robust orexigenic and anorexigenic effects, respec-
tively (Stanley, 1993; Fan et al., 1997). The PVN integrates
NPY and melanocortin signals from the ARH and regulates
downstream mechanisms of energy homeostasis (feeding
and energy expenditure). Previously, we have suggested
that this integration occurs at the level of individual parvo-
cellular PVN neurons via opposing modulatory actions at
their GABAergic synaptic inputs by orexigenic and an-
orexigenic peptides (Cowley et al., 1999).56, 1103–1115, December 20, 2007 ª2007 Elsevier Inc. 1103
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Development of PVN Neuropeptide ResponsesIn the present study, we analyzed parvocellular PVN
neurons as a possible substrate for the developmental
switch in feeding behavior at the initiation of homeostatic
feedback control of energy balance. We first identified en-
ergy balance-related neuronal populations in adult rats,
then compared the properties of these neuronal popula-
tions from early postnatal (7 days [P7]) to young adult
(70 days [P70]) animals, to bracket the development of
ARH projections to the PVN. We found two populations
of parvocellular neurons—neurosecretory (NS) and preau-
tonomic (PA) cells—whose intrinsic properties permitted
reliable identification with age and whose GABA inputs
responded robustly to NPY application in very young
rats. We observed significant, differential changes in the
responses to NPY and melanocortins in these populations
over time. These changes are consistent with a neuronal
substrate that could underlie the behavioral increase in
leptin-mediated anorexigenic drive with age.
RESULTS
Identification of Energy Balance-Related Neurons
Whole-cell recordings were made in slices from animals of
all ages from over 400 neurons situated in the region of
PVN and selected on the basis of having a dominant
GABAA-mediated synaptic input evoked by local electrical
stimulation (Cowley et al., 1999; Pronchuk et al., 2002).
Of these, GABAergic responses of 202 neurons were
sensitive to application of the feeding-related peptides
NPY and/or a-MSH and thus are putatively involved in
energy homeostasis, as reported earlier (Cowley et al.,
1999; Pronchuk et al., 2002). In most experiments, these
neuropeptide-sensitive neurons were filled with neurobio-
tin, and their location relative to the subfields of the
PVN and third ventricle were determined by post hoc
staining (Figures 1A and 1B). Locations of neurons from
rats >P28 (n = 115) are shown in Figure 1A, and those
from the youngest animals studied (P7–P9, n = 77) in
Figure 1B. The distribution of such neurons was qualita-
tively similar in both age groups. The majority of cells sen-
sitive to the energy balance-related peptides tested were
located in the medial parvocellular subdivision (mp) and,
to a lesser extent, in the dorsal cap (or dorsal parvocellular
subdivision [dp]) of the PVN. However, some neurons we
studied were located outside the nominal borders of the
PVN, directly above the third ventricle (Figure 1A), and
may be part of the thalamic nucleus reuniens (Swanson,
1987). Recordings were also made from several neurons
later determined to be in the posterior magnocellular divi-
sion (pm).
A large body of evidence suggests that three major
groups of neurons (magnocellular neurosecretory, parvo-
cellular neurosecretory, and parvocellular preautonomic)
can be identified within the PVN of adult animals in acute
experiments, based on their anatomical locations and
distinctive electrophysiological properties (Hoffman
et al., 1991; Tasker and Dudek, 1991; Luther and Tasker,
2000; Stern, 2001; Luther et al., 2002). In recordings1104 Neuron 56, 1103–1115, December 20, 2007 ª2007 Elsevfrom animals >P28, neurons located in the medial parvo-
cellular division consistently exhibited tonic AP firing in
response to long depolarizing current pulses (Figure 1C,
Figure 1. Location of Different Types of Energy Balance-Sen-
sitive Parvocellular Neurons in the Hypothalamic Paraventric-
ular Nucleus
(A and B) Low-magnification, infrared-differential interference contrast
images of coronal brain slices containing PVN from (A) a juvenile (P30)
and (B) a young neonatal (P7) rat, respectively. Neurons were charac-
terized electrophysiologically and then located post hoc with neuro-
biotin staining. Cell locations are projected onto the middle plane of
the rostrocaudal extent of the PVN. Dashed lines indicate PVN sub-
fields: medial parvocellular (mp), dorsal parvocellular or dorsal cap
(dp), posterior magnocellular (pm), and periventricular parvocellular
(pv). Symbols indicate neurons of different types based on their mem-
brane and firing properties. Scale bar is the same for both panels.
(C and D) Characteristic firing responses for each cell type in response
to a long depolarizing current step (shown below each trace here and
in subsequent figures). (C) Neurosecretory cells (NS) fired action po-
tentials (APs) tonically (left), while preautonomic neurons (PA, right)
fired a burst of APs superimposed on a low-threshold spike (LTS,
arrow). To estimate the LTS amplitude, the membrane response to
a negative current pulse of identical amplitude and duration was
inverted (upper dotted trace) and used in measurements (see Experi-
mental Procedures). (D) Putative magnocellular neurons (left traces)
fired APs after a characteristic delay, while cells located above the
third ventricle outside the PVN responded with a burst of APs superim-
posed on a large LTS (right traces, arrow).ier Inc.
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Development of PVN Neuropeptide ResponsesFigure 2. Developmental Changes in the
Firing Properties of Putative Neurose-
cretory and Preautonomic Parvocellular
Neurons
(A and C) Typical firing responses of NS and PA
neurons, respectively, shown for two develop-
mental ages, P7 and P60. NS cells (above) fired
tonically, while firing of PA neurons (below) was
dominated by the presence of low-threshold
spike. Dashed horizontal line indicates 0 mV.
(B and D) Relationship between initial AP fre-
quency and the amplitude of depolarizing cur-
rent (f-I curve) for the neurons in (A) and (C),
respectively. Instantaneous frequency was
calculated from the first interspike interval.
Tonic firing of NS cells was relatively constant
over the age range studied (B), while firing of
PA neurons acquired a pronounced bursting
component with postnatal age. Because of
the pronounced LTS in adult PA neurons, the
instantaneous f-I curve becomes virtually inde-
pendent of injected current (D).left) and could be considered neurosecretory (NS, see
also below). Cells located more in the dorsal parvocellular
division preferentially exhibited bursts of APs superim-
posed on an all-or-none, slow depolarizing potential
(Figure 1C, right) and were presumed to be parvocellular
preautonomic (PA) neurons (Luther et al., 2002). The
slow depolarizing potential, or low-threshold spike (LTS,
arrow in Figure 1C), is mediated by Ca2+, based on its ionic
selectivity, voltage dependence, and sensitivity to block
by divalent cations (e.g., Stern 2001). Magnocellular neu-
rons exhibited a characteristic delay in firing (Figure 1D,
left), while cells located above the third ventricle fired short
bursts of APs superimposed on a high-amplitude LTS
(D, right) (c.f. Poulain and Carette, 1987). As the NS and
PA neurons were found to be predominantly sensitive to
the actions of feeding-related peptides (below), they were
studied here in more detail. The development of neuronal
and synaptic properties and responses to energy bal-
ance-related peptides was followed in NS and PA neurons
from P7 up to P70. The lower age limit arose because the
fornix, an important anatomical landmark of the lateral
margin of the PVN, could not be identified prior to P7.
Changes in Intrinsic Parvocellular Neuronal
Properties with Development
Action potential activity is essential for the release of neu-
rotransmitters and neurohormones (e.g., Poulain and
Wakerley, 1982) and therefore may change as the physiol-
ogy of a system matures during postnatal development.
The firing properties of NS and PA neurons were charac-
terized by studying the dependence of the instantaneous
(determined at the first two APs) or the steady-state AP
frequency (determined at the last two APs) on the ampli-
tude of the depolarizing current (f-I curve; Figure 2). For
the tonically firing NS neurons studied, we observed
a nearly linear increase of instantaneous frequency with
depolarizing current amplitude (Figure 2B). The firingNeuronof NS cells remained remarkably constant throughout
development (Figures 2A and 2B). The slopes of instanta-
neous f-I curves for P7–P9 andRP28 NS neurons did not
differ between the two age groups (0.57 ± 0.09 versus
0.65 ± 0.08 Hz/pA, n = 8, p > 0.08). Similar results were
seen for the steady-state firing frequency (data not
shown).
Over the same time period, the firing behavior of LTS-
firing PA neurons changed appreciably. Neurons from
P7–P9 rats initially responded to a depolarization with
a small LTS-enhanced period including a brief burst of
two to three APs, followed by a prolonged period of nearly
tonic AP firing (Figures 2C and 2D). In animals older than
P28, the amplitude of the LTS increased significantly
(7.4 ± 1.8 mV, n = 15 versus 13.8 ± 1.2 mV, n = 17; p <
0.05), resulting in a firing pattern comprising both pro-
nounced bursting and tonic activity (Figure 2C, right).
Each burst contained three to eight fast APs. Bursting
behavior was evident also in the instantaneous f-I curve,
which was independent of injected current and reached
more than 200 Hz (Figure 2D). Steady-state firing rates,
by contrast, were close in the two age groups (data not
shown).
During maturation, central neurons can undergo
a switch in the ionic nature of individual APs, frequently
from a slow, Ca2+-dominated spike to a faster AP carried
mainly by Na+ (e.g., Spitzer et al., 2000). Indeed, we
observed that the short, wide APs seen in P7–P9 parvo-
cellular neurons gave way to taller, briefer APs in RP28
animals (see Table S1 available online). In PA cells, APs
were initially generated mainly by Ca2+ channels but
gradually acquired a major Na+ component, which is fully
expressed by about P35 (Figure S1). By contrast, APs
recorded in NS neurons at all ages studied depended
predominantly on Na+ channels (Figure S1). Clearly, the
NS neurons appear to exhibit fewer postnatal changes in
their intrinsic properties than do the PA neurons.56, 1103–1115, December 20, 2007 ª2007 Elsevier Inc. 1105
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Development of PVN Neuropeptide ResponsesFigure 3. Pharmacology and Develop-
ment of Inhibitory and Excitatory Sponta-
neous Synaptic Currents in PVN Parvo-
cellular Neurons
(A and B) Examples of two different recordings,
where application of selective pharmacologi-
cal blockers of synaptic transmission con-
firmed separation of sIPSCs and sEPSCs by
the voltage protocol used here. At holding
potential of 40 mV, sIPSCs are upward de-
flections and sEPSCs are downward (shown
extended in [A], inset). (A) 5 mM of the GABAA
receptor antagonist bicuculline (middle trace)
selectively blocked the outward synaptic cur-
rents seen in control (top trace), while inward
synaptic currents were subsequently abol-
ished in this same neuron by mixture of the
NMDA and AMPA glutamate receptor antago-
nists APV (50 mM) and CNQX (10 mM) (bottom
trace). (B) In the presence of the combined
GABAA and glutamate receptor blockers, all
synaptic activity was abolished (lower trace).
(C) Examples of voltage-clamp recording of
spontaneous PSCs in young neonatal (P7, up-
per trace) and juvenile NS neurons (P28, lower
trace).
(D) Frequencies of sIPSC and sEPSC versus
postnatal time in NS (upper graph) and PA
(lower graph) neurons. Each point is based on
data from at least seven neurons. Error bars
indicate mean ± SEM.Synaptic Frequencies Increase with Age
To characterize changes in synaptic inputs to NS and PA
neurons during development, we began by examining
spontaneous synaptic activity in parvocellular neurons.
Under our recording conditions, when a cell was held
at 40 mV, spontaneous inhibitory postsynaptic currents
(sIPSCs) were seen as outward currents, and spontane-
ous excitatory postsynaptic currents (sEPSCs) were in-
ward currents. As described earlier for stimulus-evoked
postsynaptic currents (Cowley et al., 1999), sIPSCs
were mediated by the activation of GABAA receptors,
because they could be entirely abolished by application
of 5–10 mM bicuculline, while sEPSCs were blocked by
10 mM CNQX and 50 mM AP5, indicating that they
were mediated by ionotropic glutamate receptors (Fig-
ures 3A and 3B). This approach permitted us to simulta-
neously analyze excitatory and inhibitory synaptic events
on a given neuron. In neurons from P7–P9 animals, we
observed only low levels of spontaneous synaptic activ-
ity (<1 Hz for both sIPSCs and sEPSCs; Figures 3C and
3D). However, frequencies of sPSCs increased during
development, although the amplitudes of spontaneous
synaptic currents remained fairly stable (data not
shown). Thus, in slices from animals P28 or greater,
the frequencies both of sIPSCs and sEPSCs increased
markedly, by over 6-fold for NS cells and by about
3-fold for PA neurons (Figure 3D). This indicates that
the number of active synaptic connections increases sig-
nificantly on NS and PA neurons from the first week of1106 Neuron 56, 1103–1115, December 20, 2007 ª2007 Elsevilife onward, stabilizing when the animals have reached
ingestive independence.
To determine whether there was evidence for a corre-
sponding increase in morphologically identified synaptic
inputs to NS and PA neurons in PVN with age, we took
a two-fold approach. Initially, we examined GABAergic
terminals using an antibody to VGAT, labeling also for oxy-
tocin to identify a subset of parvocellular neurons (Fig-
ure 4A). Overall, a noticeable redistribution of terminals
occurred in the period from P7 to P30. We hypothesized
that this resulted from terminals clustering on dendritic
sites. To test this, neurobiotin-filled cells were visualized
with a fluorescent label and colabeled with VGAT. Confo-
cal analysis was used to identify VGAT-immunoreactive
terminals within 0.2 mm of the filled dendrites (Figure 4B)
(see Experimental Procedures). Quantitation of such
synaptic boutons closely apposed to filled dendrites
demonstrated that there was a significant increase from
P7–P9 to P30–P40 (Figures 4C and 4D). This change
was large, significant, and was in addition to a modest
increase in overall bouton density with age (Figure 4D).
The observed increase also corresponded well with that
seen in sIPSC frequency in these neurons with develop-
ment (Figure 4E).
Effects of Energy Balance-Related Peptides
on Synaptic Activity
We next studied the sensitivity of sIPSCs and sEPSCs to
the actions of the energy balance-related peptides—NPY,er Inc.
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Development of PVN Neuropeptide ResponsesFigure 4. Changes in Number of Juxta-
posedGABAergic Terminals on PVNPar-
vocellular Neurons Correlate with Syn-
aptic Frequencies during Postnatal
Development
(A) Individual confocal images of oxytocin
(green) and VGAT (red) double immunofluores-
cence in postnatal day 7 (P7, left) and P30
(right) rats. Scale bar, 20 mm.
(B and C) Representative confocal images of
NS cell dendrites filled with neurobiotin during
electrophysiological recording (green) and
VGAT (red) immunofluorescence. (B) High-
magnification image with arrows indicating
juxtapositions (distance <0.2 mm) suggesting
putative synaptic contacts. Scale bar, 2 mm.
(C) Images at lower magnification showing
the paucity of synaptic boutons in P7 neuron
(left) and relative abundance of juxtaposed
VGAT-immunoreactive terminals along the
P35 neuron’s dendrite (right). Scale bar, 10 mm.
(D) Quantitation of juxtaposed VGAT terminals
with age. The increase with age was highly
significant (p < 0.001, n = 8 for P7–P9; n = 6
for P30–P40). The frequency of random occur-
rences of GABA boutons (dotted lines) within
the apposition space of a dendrite was also
estimated for the same neurons (see Experi-
mental Procedures).
(E) Quantitation of spontaneous IPSC fre-
quency in the same populations of neurons
as in (D). The increase was highly significant
(p < 0.001).
Error bars in (D) and (E) indicate mean ± SEM.a-MSH, or related agonists—in parvocellular PVN neurons
from RP28 animals. In these and all other experiments,
agonists were always applied at 100 nM, a concentration
shown to elicit significant but submaximal responses in in-
puts to PVN neurons both for NPY (Pronchuk et al., 2002)
and melanocortin receptors (Cowley et al., 1999). An ago-
nist response was defined as a change of >10% in ampli-
tude for evoked responses that reversed substantially
upon washout of the drug (Pronchuk et al., 2002). Similar
criteria were applied for drug effects on synaptic frequen-
cies. Application of NPY strongly and reversibly inhibited
the frequency of sIPSCs, while sEPSCs remained essen-
tially unaffected (Figure 5A). By contrast, a-MSH or MTII
(Haskell-Luevano et al., 1996) potentiated sIPSC fre-
quency (Figure 5B). Averaged data from parvocellular
neurons identified by their firing properties are shown in
Figures 5C and 5D. While there was a tendency for mela-
nocortin agonists to simultaneously reduce the sEPSC fre-
quency, this was not significant (Figure 5F). As with NPY,
melanocortin agonists did not affect the amplitudes of any
spontaneous postsynaptic currents (sPSCs—data not
shown). We also examined the effects of these neuropep-
tides on miniature PSCs, recorded in the presence of TTX
to block action potential-dependent transmitter release.
Overall, NPY and MTII affected the frequency of miniatureNeuronpostsynaptic currents in a manner similar to that seen in
spontaneous synaptic currents (Figure 5E). Neither the
frequency of mEPSC nor the amplitudes of any mPSCs
were affected by these agonists. Additionally, no evidence
was seen for a postsynaptic action of either NPY or mela-
nocortin agonists, also consistent with previous observa-
tions (Cowley et al., 1999).
In some experiments, we positively identified neurose-
cretory PVN neurons with a retrograde label by the intraper-
itoneal injectionof eitherof the fluorescent markers, Fluoro-
Gold (Merchenthaler, 1991) or Fast Blue (Loum-Ribot et al.,
2004). In this series, 19 out of 21 retrogradely labeled
parvocellular neurons exhibited a tonic firing pattern, and
only two tonic neurons did not have a tracer (Figures 6A–
6C). Furthermore, in some recordings from cells retro-
gradely labeled with Fast Blue (n = 6), we examined
responses to NPY or melanocortin agonists. Labeled neu-
rosecretory neurons responded to NPY, a-MSH, or MTII in
the same fashion as did the other electrophysiologically
identified NS cells, although the magnitude of agonist
responses was somewhat lower than in unlabeled cells
(Figure 6D). This might be due to toxicity from either the
tracer or exposure to UV light, as the magnitude of re-
sponses was even further decreased in experiments with
Fluoro-Gold-labeled cells (data not shown).56, 1103–1115, December 20, 2007 ª2007 Elsevier Inc. 1107
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Development of PVN Neuropeptide ResponsesFigure 5. Action of the Feeding-Related
Peptides NPY and MTII on Spontaneous
Synaptic Currents in Adult Rat PVN
(A) (Upper traces) Spontaneous postsynaptic
currents (sPSC) recorded in a PVN NS neuron
(P28) in control (left) and in the presence of
100 nM NPY (right). (Lower panel) Time course
of sPSC response to NPY in an individual exper-
iment. Application of NPY during the time
indicated potently and selectively reduced
sIPSC frequency in this cell, leaving sEPSCs rel-
atively unaffected. Response to NPY reversed
upon washout. Data points indicate average
frequencies for 1 min bins. Numbers indicate
times at which traces (above) were recorded.
(B) Response of sPSCs recorded in an NS neu-
ron (P31) to MTII (100 nM). MTII caused a robust
increase in sIPSC frequency, reversing upon
washout. Traces and graph as in (A). Note
that, in this frequency-time plot, the y axis for
the IPSC responses has been shifted upward
relative to that of the EPSC responses for clarity
and is indicated by a break in the y axis.
(C) Pooled results of NPY action on the fre-
quency of sIPSCs and sEPSCs in both NS (n = 6) and PA (n = 6) neurons identified electrophysiologically from P28–P35 animals.
(D) Pooled results of MTII action on the frequency of sIPSCs and sEPSCs in both NS (n = 8) and PA (n = 6) neurons identified electrophysiologically from
P28–P35 animals.
(E) Pooled results of NPY and MTII action on miniature postsynaptic currents (mPSCs) recorded in the presence of tetrodotoxin (TTX, 0.5 mM). mIPSCs
were depressed by NPY (n = 6) and potentiated by MTII (n = 6), suggesting presynaptic mechanism of action (P28–P35). *p < 0.01, paired t test. Cells
were identified electrophysiologically.
Error bars in (C)–(E) indicate mean ± SEM.Changes in Response to Feeding-Related
Peptides during Development
In the population of parvocellular neurons studied here,
evoked synaptic responses consisted predominantly of
IPSCs (Figure 7A). Confirming previously published data
(Cowley et al., 1999; Pronchuk et al., 2002), the evoked
GABAergic synaptic input of most NS cells (90%) from
animals P28 and older was reversibly inhibited by NPY
(Figures 7A and 7C) and potentiated (>65% of cells) by
a-MSH or MTII (Figures 7B and 7C). By contrast, the1108 Neuron 56, 1103–1115, December 20, 2007 ª2007 ElseviGABA inputs to only 40% of PA neurons in animals of
this age were sensitive to NPY (Figures 7A and 7C) and
only30% responded to the application of either melano-
cortin agonist (Figures 7B and 7C). However, in most (6 of
7) experiments with PA neurons in which both melanocor-
tin agonists and NPY were tested on the same cell, inputs
sensitive to MTII were also sensitive to NPY, similar to
previous observations (Cowley et al., 1999). PA neurons
that were either sensitive or insensitive to feeding-related
peptides were not segregated spatially within the PVN.Figure 6. Properties of Identified Parvo-
cellular Neurosecretory Neurons
(A) Superimposed infrared DIC and epifluores-
cence image of a neuron retrogradely labeled
with Fast Blue and impaled (dotted lines indi-
cate pipette).
(B) Confocal images of the same neuron show-
ing colocalization of neurobiotin and Fast Blue.
Scale bar, 20 mm.
(C) Tonic AP firing in response to long depola-
rizing step in Fast Blue-labeled neuron.
(D) Pooled results of NPY (n = 6) and MTII (n = 6)
action on identified NS cells. Error bars indi-
cate mean ± SEM.er Inc.
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Development of PVN Neuropeptide ResponsesFigure 7. Differential Changes in Sensi-
tivity to NPY and Melanocortins with De-
velopment in NS and PA Neurons
(A) NPY (100 nM) inhibits, while MTII (100 nM)
(B) potentiates, IPSCs evoked by focal electri-
cal stimulation. (Upper traces) Representative
recordings shown from P31 rat (A) and P35
rat (B). Lower graph indicates mean ± SEM
effect for NPY (n = 13 and 8 cells for NS and
PA, respectively) and for MTII (n = 13 and 6
for NS and PA cells, respectively).
(C and D) Differences with age in the fraction of
NS and PA cells sensitive to NPY (left) and MTII
(right). (C) Percentage of cells whose evoked
IPSCs responded to the respective agonists
with age. Each point represents data from 13
or more neurons. (D) Percentage of cells, at
ages P7–P9 and P28–P35, whose sIPSC fre-
quency changed significantly with application
of NPY (left) or MTII (right). Each bar represents
data from ten neurons. Trends seen with in-
creasing age are similar in evoked and sponta-
neous synaptic responses.
Error bars in the lower panels of (A) and (B)
indicate means ± SEM.The magnitude of inhibition or potentiation caused by NPY
or melanocortin application, respectively, did not differ
significantly between the NS and PA cell populations (Fig-
ures 7A and 7B).
We studied the sensitivity of evoked GABAergic re-
sponses to NPY and melanocortin agonists neurons in an-
imals aged between P7 and P70. The magnitude of either
the NPY-mediated inhibition or melanocortin (MTII)-medi-
ated potentiation was similar at all ages. Surprisingly, the
numbers of cells whose inputs responded to these pep-
tides changed dramatically both with age and cell type.
Thus, in the NS population, the percentage of neurons
whose inputs responded to NPY remained high and rela-
tively constant with age (Figure 7C), while the percentage
of PA neurons with NPY-sensitive inputs declined steadily
from about 90% to only 40% in the period between P16–
P19 and P28–P35 (Figure 7C). These values then re-
mained stable up to about P70.
The pattern of sensitivity to the melanocortin peptides
during development was quite different. While the per-
centage of P7–P9 NS cells whose inputs responded toNeuroMTII was initially rather low (20%), the numbers in-
creased steadily with age to about 70% in P28–P35 ani-
mals (Figure 7C). Similarly, the GABA responses of only
25% of PA neurons from postnatal animals were sensi-
tive to MTII, but the percentage of PA cells responding
did not increase with age (Figure 7C).
The sensitivity to NPY and MTII of sIPSC frequencies
in NA and PA neurons showed qualitatively similar
changes with age. Thus, while sIPSCs in virtually all
NS neurons responded to NPY at P7–P9 and P28–
P35, a decreasing percentage of PA cells responded
to NPY in the older animals (Figure 7D, shown for two
age groups). Similarly, the number of NS neurons whose
sIPSCs responded to the melanocortin agonist was ini-
tially quite low but increased with age. Interestingly,
there was a modest increase in the number of PA
neurons whose sIPSCs responded to the melanocortin
agonist with age, unlike with the evoked responses.
Overall, however, evoked and spontaneous GABAergic
responses undergo similar marked changes during this
time.n 56, 1103–1115, December 20, 2007 ª2007 Elsevier Inc. 1109
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Development of PVN Neuropeptide ResponsesFigure 8. Neuropeptide Profiles of Elec-
trophysiologically Characterized PVN
Parvocellular Neurons
(A) Examples of adult (P60–P70) neurons filled
with neurobiotin during recording and coimmu-
nostained for corticotrophin releasing hormone
(CRH) (left), thyrotropin releasing hormone
(TRH) (middle), and oxytocin (Oxy) (right). Neu-
ropeptide-positive cells are shown in green
(lower images), the neurobiotin marker in red
(upper images). Arrows indicate cells contain-
ing both neurobiotin and one of the peptides.
The same NS and PA cells are shown in TRH
and Oxy panels. In the Oxy panel, a brightly
fluorescent cell (putative magnocellular neu-
ron), not recorded from, is marked by an aster-
isk. Calibration bar, 30 mm.
(B) Neuropeptide profile of adult NS (left) and
PA (right) neurons. Numbers of cells recorded
and stained are indicated for each group.Neuropeptide Phenotypes of Putative Feeding-
Related Neurons
PVN parvocellular neurons express multiple neuropep-
tides, and several peptides colocalize within individual
parvocellular neurons (e.g., Swanson, 1987). To better un-
derstand the role that these cells might play in the regula-
tion of energy balance, we used immunocytochemistry to
examine a subset of recorded neurons. Electrophysiolog-
ically characterized, neurobiotin-labeled neurons were
stained for corticotropin releasing hormone (CRH), thyro-
tropin releasing hormone (TRH), and oxytocin (Oxy). Ex-
amples of immunostaining are shown in Figure 8A.
Because we could only identify the neurobiotin and
between one and two other markers simultaneously in in-
dividual cells here, neuronal phenotyping was necessarily
incomplete.
Each physiological type of neuron could express any of
the peptides studied, though the percentages varied.
Thus, a majority of NS cells expressed CRH or, to a lesser
extent, TRH, while a smaller proportion were immunopos-
itive for Oxy (Figure 8B). PA neurons could also express
the peptides observed in NS neurons, although a smaller
proportion of these cells expressed CRH, and a larger
number expressed Oxy (Figure 8B). With age, there was
a modest, gradual increase in the percentages of cells
expressing all the peptides studied (data not shown).
DISCUSSION
Feeding behavior and energy balance regulation changes
dramatically in rodents during the first few postnatal
weeks, although the neural substrate for these changes
is yet unknown. Here, we examined the properties of
neurons and their inputs in the rat PVN during this critical
period in the development of energy balance regulation
and ARH homeostatic feedback circuits. The parvocellular
neurons studied here were chosen based on their pre-1110 Neuron 56, 1103–1115, December 20, 2007 ª2007 Elsevidominant GABAergic synaptic input, which we have previ-
ously shown to be sensitive to feeding-related peptides
(Cowley et al., 1999; Pronchuk et al., 2002). We report
here that (1) putative feeding-related neurons in the PVN
represent a heterogeneous population, comprising at
least two major groups, with different electrophysiological
properties, sensitivity to NPY and melanocortins, and neu-
ropeptide content, and (2) striking, population-specific
changes occur in the sensitivity of inhibitory inputs to
these cells to energy balance-related peptides over a brief
timespan around the time of weaning.
We have previously suggested that neurons of the me-
dial parvocellular subdivision of the PVN can integrate
synaptic input to regulate both feeding behavior and
energy expenditure (Cowley et al., 1999), but the neuro-
chemical phenotypes and electrical properties of this sub-
set of cells remained uncharacterized. Based on their
postsynaptic properties, location, and neuropeptide phe-
notype (Figures 7A and 7B), these cells were consistent
with previously described parvocellular neurosecretory
and preautonomic neurons (Swanson, 1987; Hoffman
et al., 1991; Tasker and Dudek, 1991; Luther and Tasker,
2000; Stern, 2001; Luther et al., 2002). We could confirm
the responses to NPY and melanocortin agonists in retro-
gradely labeled neurosecretory cells. In contrast, putative
preautonomic (LTS) neurons showed no evidence of pro-
jections outside the blood-brain barrier.
Development of Neuronal and Synaptic Properties
in Parvocellular NS and PA Neurons
During postnatal development, the firing properties of
these two neuronal populations exhibited distinct profiles
and changes with age. Thus, while individual APs of NS
cells become larger and faster, indicating a concomitant
increase in density of voltage-gated Na+ and K+ channels,
their firing pattern was relatively constant from P7 onward,
suggesting that NS cells can already fulfill their adult roleser Inc.
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By contrast, action potentials in PA neurons changed
qualitatively and quantitatively with time. In particular,
the amplitude of the LTS greatly increased, indicating un-
derlying changes in the density and/or properties of
T-type Ca2+ channels, enhancing burst firing in these neu-
rons, which in turn has been associated with the enhanced
release of peptides (Peng and Zucker, 1993). The increase
in LTS amplitude with age may hint that the peptidergic
component of the PA output becomes more important
with age.
Spontaneous synaptic currents in parvocellular neurons
undergo a profound increase in frequency during postna-
tal development. The largest increases were observed be-
tween P7 and P18, although for NS cells this developmen-
tal process was not complete until around P28. The
increase in synaptic activity indicated an ongoing increase
in the number of functional synapses, presumably as
presynaptic fibers innervate these cells later on. Synapto-
genesis occurs in the PVN not only de novo during devel-
opment, but also has been observed in the replacement of
existing contacts in the course of synaptic rearrangement
(Kagotani et al., 1989; Bouret et al., 2004). The present ob-
servations suggest that, in the course of this remodeling,
the absolute number of GABAergic terminals increases
slightly, although the numbers forming synaptic connec-
tions increases significantly during this time.
These new synaptic inputs could arise from elsewhere
in the hypothalamus (Swanson, 1987), including the shell
of locally projecting neurons surrounding the PVN (Bou-
daba et al., 1996, 1997). One good candidate source for
many of these projections is the arcuate nucleus, which
is known to contain a significant number of GABAergic
neurons, part of which also expresses NPY (Horvath
et al., 1997). The majority of arcuate projections arrive at
the PVN late in postnatal development, and the most rapid
fiber ingrowth was observed during the second postnatal
week (Grove et al., 2003, 2005; Bouret et al., 2004). This
correlates well with the timing of synaptic and action po-
tential maturation determined functionally in our experi-
ments and also correlates with the development of leptin
regulation of food intake and energy expenditure (Ahima
et al., 1998; Mistry et al., 1999). Interestingly, while the
oxytocinergic PA projections exiting the PVN are thought
to emerge early in development (Rinaman, 1998), our
data suggest that these PA neurons only acquire adult
characteristics by about the third postnatal week.
The GABA inputs to NS and PA cells, though initially
similar, develop distinct patterns of sensitivity to NPY
and melanocortins. Between postnatal weeks 2 and 4,
the number of NS cells with melanocortin-sensitive inputs
increases 3-fold, while that of PA cells with NPY-sensitive
inputs decreases dramatically. Possible explanations for
this include a change in the source of fibers innervating
these different neuronal populations, or in the expression
of presynaptic receptors on existing terminals. Because
there is substantial fiber ingrowth into the PVN and inner-
vation during the period of most rapid increase in theNeuronnumber of active synaptic inputs, we consider the former
explanation most likely to account for the majority of
changes observed. However, the dramatic drop in NPY
sensitivity in the inputs to PA neurons, which occurs
largely after the peak increase in synaptic activity, could
also result from a loss of NPY receptor expression in exist-
ing presynaptic terminals. Given that the relative magni-
tudes of presynaptic NPY and melanocortin effects re-
main approximately the same throughout the time period
studied, it appears that the inputs to individual cells, or
their receptor complement, are altered in a wholesale
manner.
Mechanisms of NPY and Melanocortin Action in
the PVN
Our experiments on spontaneous and miniature synaptic
currents confirm and extend the current view on how feed-
ing-related peptides act in the PVN. NPY and melanocor-
tin receptors are thought to reside on presynaptic termi-
nals (Cowley et al., 1999). Here, we also observed that
the frequency (but not the amplitude) of mIPSCs, which
result from the action potential-independent release of in-
dividual quanta of GABA from presynaptic terminals (e.g.,
Cull-Candy 1986), were affected by NPY and melanocor-
tins consistent with their actions on evoked GABAergic
postsynaptic currents, suggesting that this presynaptic
action entirely explained the actions of these peptides.
The data suggest that the presynaptic mechanism by
which NPY and melanocortin receptors alter GABA
release occurs not by the regulation of presynaptic Ca2+
influx (Toth et al., 1993; Qian et al., 1997) but instead at
a step subsequent to, or independent of, Ca2+entry (e.g.,
Scanziani et al., 1992). Indeed, given the similarity in mag-
nitudes in both NPY and melanocortin actions on sIPSC
and sEPSC frequencies, a Ca2+-independent mechanism
may well account for most, if not all, the effects at the
GABA terminals innervating these neurons, thus substan-
tially different from the actions of NPY in other systems
(e.g., Toth et al., 1993; Qian et al., 1997).
Possible Role of Parvocellular NS and PA Neurons
in Energy Homeostasis
Parvocellular PVN neurons participate in a broad variety of
physiological functions, such as cardiovascular (e.g., Ba-
doer, 2001), thermoregulatory (e.g., Kiwaki et al., 2004),
and water homeostasis (e.g., Stocker et al., 2004). It
seems somewhat paradoxical that CRH-containing NS
neurons, whose physiological role has traditionally been
considered to mediate activation of the stress (i.e., HPA)
axis (Swanson, 1987), are a major target of NPY- and mel-
anocortin-sensitive inhibitory inputs. However, it has long
been clear that a tight association exists between the
feeding system and the HPA axis (Dallman et al., 1995).
Hunger is a form of stress, which may be adaptive by
enhancing the motivation to find food and may even play
a role in initiating feeding. Thus, NPY has been shown to
activate the HPA axis (Wahlestedt et al., 1987; Haas and
George, 1987; Suda et al., 1993), and NPY-evoked56, 1103–1115, December 20, 2007 ª2007 Elsevier Inc. 1111
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intriguingly restored with replacement of corticosterone
(Stanley et al., 1989).
PA neurons may play a different role in energy homeo-
stasis. In adults, they are thought to mediate central
effects on body temperature and peripheral energy
metabolism (Billington et al., 1991; Egawa et al., 1991)
and to decrease food intake via brainstem oxytocinergic
projections (Arletti et al., 1990). It is interesting to note
that PA neurons with NPY-sensitive inputs tended to not
contain CRH, while the inputs of the majority of oxyto-
cin-containing PA neurons were mainly insensitive to mel-
anocortin actions. These data suggest that melanocortins
and oxytocin have different, nonoverlapping anorexigenic
actions at the level of the PVN and the brainstem. About
30% of PA neurons expressed CRH, which is known to
suppress appetite and gastric motility via brainstem cen-
ters (Zorilla et al., 2003). Because of the transient, early
sensitivity to NPY, it is tempting to speculate that PA cells
help to create a significant orexigenic drive in young ani-
mals, although their apparent electrical immaturity makes
it unlikely that their peptide transmitters are important in
this. The interpretation of these results will benefit from
identification of the neuropeptide content of the NPY-
and melanocortin-insensitive PA neurons.
NS cells constituted a majority of the neurons in the PVN
sensitive to energy balance-related peptides. Electro-
physiologically, NS cells were functionally mature and
expressed their adult peptide content from very early on.
With development, the sensitivity of these cells to NPY
was very high and remarkably constant, while sensitivity
to melanocortins increased substantially. This develop-
mental pattern fits well with the existing behavioral and
physiological observations that NPY orexigenic signaling
is functional already at P2 (Capuano et al., 1993) while
leptin anorexigenic signaling only appears late in develop-
ment (Ahima et al., 1998; Mistry et al., 1999; Proulx et al.,
2002). Therefore, we propose here that the increasing
number of melanocortin-sensitive NS cells in the PVN rep-
resents a substrate for the maturation of leptin-mediated
anorexigenic drive during the developmental transition
from suckling to independent ingestion and homeostatic
feedback regulation of energy balance in mammals.
EXPERIMENTAL PROCEDURES
Electrophysiology
Coronal slices (250–300 mm thick) of hypothalamus containing PVN
were prepared as previously described (Pronchuk et al., 2002) from
male Sprague-Dawley rats (7 days to 10 weeks in age) and maintained
in carbogen (95% O2/5% CO2)-saturated artificial cerebrospinal fluid
([ACSF] containing, in mM: NaCl, 124; KCl, 3; CaCl2, 2.5; MgSO4,
1.3; NaH2PO4, 1.4; NaHCO3, 26; glucose, 10) at 34
C for 1 hr before
recording. The slices were placed into a chamber on the fixed stage
of a Zeiss FS2 microscope (Carl Zeiss, Germany) and submerged in
a constant flow (2–3 ml min1) of ACSF at 32C–33C. Cells were iden-
tified and visualized-patch recordings made using infrared-differential
interference contrast (IR-DIC) optics and, as appropriate, epifluores-
cence illumination. Pipettes had resistances of 5–7 MU when filled
with an internal solution containing (in mM) potassium gluconate,1112 Neuron 56, 1103–1115, December 20, 2007 ª2007 Elsev125; KCl, 2; HEPES, 5; MgATP, 5; NaGTP, 0.3; EGTA, 10; neurobiotin,
0.05% (pH adjusted to 7.25 with KOH, osmolarity adjusted to 295
mOsm). Seals were formed and whole-cell mode entered with the
pipette clamped at 65 mV; seal resistances were 1-5 GU. Data
were filtered at 3 kHz at the amplifier and sampled at 5–10 kHz using
a computer interface (Digidata 1322) and pClamp 9.2 software (both
Axon Instruments, Burlingame, CA). Voltage-clamp recordings were
corrected for the calculated 10 mV liquid junction potential. Cell input
resistance (Rin) and membrane time constant (tm) were calculated from
small, negative voltage responses (no more than 2–3 mV) to hyperpo-
larizing current steps. Action potentials (APs) were evoked by 500 ms
depolarizing current steps of varying intensities; AP frequency was de-
termined using Clampfit. The relationship between AP frequency and
intensity of injected current (f-I curve) was characterized for individual
neurons. Instantaneous and steady-state AP firing frequencies were
measured from the interval between the first and second AP, and the
interval between the last two APs elicited during the prolonged depo-
larizing step, respectively. We used the initial slope of individual f-I
curves as a basis for statistical comparisons between neurons. The
parameters of individual APs and afterhyperpolarization (AHP) were
calculated from the last two of a train of APs evoked with minimal
suprathreshold depolarizing stimuli. Measurements of AP parameters
were made relative to AP threshold (Stern, 2001). The amplitudes of
low-threshold spikes (LTS) were defined as the difference between
the most positive deflection of the slow depolarization of the LTS
(arrow, Figure 1C) and the inverted voltage response to a hyperpolariz-
ing current pulse of the same amplitude recorded in the same cell
(Figure 1C, bottom right trace). The electrophysiological analysis of
AP parameters was performed only on recordings made without the
inclusion of neurobiotin in the pipette contents.
Postsynaptic currents were recorded at a holding potential of
40 mV, resulting in inward EPSCs and outward IPSCs. Spontaneous
synaptic currents were recorded for gap-free periods of 120 s, under
control and one or more experimental conditions, using Axoscope
9.2 (Axon Instruments); synaptic events >8 pA were analyzed with
Clampfit. Evoked synaptic responses were elicited with a sharpened
monopolar tungsten electrode positioned in the slice close to the
PVN (Pronchuk et al., 2002). Six successive responses, elicited at
0.1 Hz, were digitally averaged (pClamp). The interval between such
stimulus episodes was 2 min. Stable control responses over a period
of at least 9 min were a prerequisite prior to the initiation of experi-
ments. Drugs were applied for 5 min via the bath, followed by a wash-
out usually of >20 min.
Retrograde Labeling of PVN Neurosecretory Cells
One day before slice preparation, rats (28–35 days old) were injected
i.p. with Fluoro-Gold (Fluorochrome, CO, USA) or Fast Blue (Sigma-
Aldrich) dissolved in sterile, 0.9% buffered saline, at a dose of 15 or
40 mg/kg body weight, respectively. Labeled neurons were first iden-
tified in a slice with the aid of epifluorescence illumination (excitation
D350/50x, emission E420LPv2, and mirror 400DCLP, Chroma). Expo-
sure to UV light was limited to brief periods for identification; usually
only one cell was recorded from in each slice. Cells were stained
post hoc for neurobiotin and the retrograde tracer.
Immunohistochemistry and Confocal Microscopy
Following recordings, pipettes were slowly withdrawn from the cells,
and slices were fixed in 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS) at 4C for 72 hr, then washed overnight in 25%
sucrose solution. Unsectioned slices were incubated at 4C for 48 hr
in a mixture of primary antibodies, washed 3 3 10 min in PBS, and
treated by a mixture of secondary antibodies for 1–2 hr at room tem-
perature. All antibodies were dissolved in PBS containing 0.3% triton
and 0.02% goat serum; type of antibodies depended on the type of
experiment. After a PBS wash, slices were mounted in Prolong anti-
fading medium (Molecular Probes) and images taken and processed
with a Zeiss LSM510 confocal microscope. In control experiments,ier Inc.
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antibodies with normal goat serum, resulting in the loss of immunoflu-
orescence.
Vesicular GABA Transporter Immunofluorescence
For images in Figure 4A, immunofluorescence and confocal micros-
copy with minor modifications were performed as described previ-
ously (Grove et al., 2003). Briefly, coronal hypothalamic sections (25
mm) were studied at postnatal day (P) 6 and 30 (n = 3 per group). Oxy-
tocin neurons were visualized with a monoclonal anti-neurophysin II
antibody (a kind gift of H. Gainer, NIH/NINDS; 1:100). GABAergic
terminals were labeled using a guinea pig anti-VGAT antibody (Chem-
icon, AB5855; 1:3000). Primary antibody binding was visualized with
a cocktail of donkey anti-mouse-FITC and donkey anti-guinea pig-
TRITC (Jackson ImmunoResearch Labs, Inc., West Grove, PA; 1:200).
A Leica Corporation (Germany) TSC SP confocal system was used
to examine appositions between VGAT terminals and oxytocin neu-
rons. This system consists of a RBE inverted microscope equipped
with an AR laser producing light at 488 nm and a Kr laser producing
light at 568. The sections were analyzed using a 403 (NA 1.25) oil-
immersion lens. A series of confocal images were captured through
the z-plane at 0.5 mm intervals. The images were then processed
with the Metamorph Imaging System (Universal Imaging Corporation,
West Chester, PA). The brightness and contrast of the images were
adjusted in Photoshop (Adobe systems Inc, San Jose, CA).
For images in Figures 4B and 4C and quantitation of closely apposed
VGAT terminals in slices with neurobiotin-filled neurons, fixed slices
were exposed to primary rabbit anti-VGAT AB (Synaptic Systems, Go¨t-
tingen, Germany) at a dilution of 1:1000 for 48–96 hr. After 48 hr, some
slices were placed in fresh primary antibody solution for 48 hr more.
Secondary antibodies were goat anti-rabbit Alexa 568 (red, for
VGAT) and Streptavidin-Oregon Green 488 (green, filled cells) (both
from Invitrogen, Canada), both diluted 1:300.
A Zeiss LSM 510 system (as above) was used for the analysis of
close dendrite-VGAT terminal appositions. Briefly, an oil-immersion
633 (NA 1.4) objective was used to generate stacks of images (512 3
512 pixels). Each focal plane (z = 0.3 mm) was scanned separately
at different wavelengths (543 nm, HeNe laser; 488 nm, argon laser).
Roughly horizontal stretches of two to three primary dendrites of
each neurobiotin-filled cell were selected for analysis. Each optical
section containing possible appositions was viewed individually and
distances were measured by cursor. A bouton was considered to be
closely apposed if there was%0.2 mm (the spatial resolution of our op-
tical system) between the edges of the dendrite and the bouton in the
horizontal plane. We did not analyze vertical appositions, because the
resolution of the instrument is lower in the vertical plane (>0.3 mm).
Numbers are expressed as closely apposed boutons per micron den-
dritic length.
We estimated the frequency of random occurrences of appositions
for a given dendrite as Fr = F
0
r nz (1), where F
0
r is the frequency of oc-
currences for an individual optical section and nz is the number of sec-
tions comprising the length of dendrite analyzed. In turn, F 0r = Nr/L (2),
where Nr is the number of random occurrences and L is the length of
a dendritic segment. Nr is determined by overall synaptic density
and apposition space of the dendrite, Nr = rS (3). The apposition space
is calculated as S = 2r(r + 0.2)L (4), where r is the radius of synaptic
boutons, 0.2 is the spatial resolution in microns, and 2 signifies both
dendritic surfaces in a horizontal plane. Combining these expressions
gives Fr = 2r(r + 0.2)nz (5). The average density of synaptic boutons
was measured on regions in the same plane as, but well away from,
the dendrite, using Image-Pro Plus 5.1 software.
Identification of Neurosecretory Cells
Neurobiotin was revealed either by streptavidin-conjugated Alexa 555
(retrograde labeling with Fast Blue) or Alexa 647 (with Fluoro-Gold)
(1:300) for 1 hr. Retrograde markers were visualized with appropriate
excitation and emission optics.NeuronCRH, TRH, and Oxytocin in Parvocellular Neurons
Primary antibodieswere rabbit anti-thyrotropin releasinghormone (TRH,
a gift from Dr E. Nillni, Brown University, RI), guinea pig anti-corticotropin
releasing hormone (CRH, Peninsula Lab, San-Carlos, CA), and mouse
anti-Oxytocin (Oxy, Phoenix Pharmaceuticals, Belmont, CA) (all 1:4000
dilution in PBS and 0.3% Triton). Secondary antibodies: neutravidin-
conjugated Alexa 350 (1:100), anti-rabbit Alexa 594 (1:300), anti-guinea
pig Alexa 488 (1:300), and anti-mouse Alexa 647 (1:300) (all from Invitro-
gen, Canada). Double or triple immunostaining was used routinely.
Drugs
NPY was purchased from Peptidec Technologies, (Pierrefonds, Mon-
treal, Canada), a-MSH from Phoenix Pharmaceutical (Belmont, CA),
MTII from Bachem (Torrance, CA), neurobiotin from Vector Laborato-
ries (Canada), and baclofen was a gift of Ciba-Geigy (Basel). Bicucul-
line, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and DL-2-amino-
5-phosphonovaleric acid (AP5) were obtained from Tocris, (Ellisville,
MO) and tetrodotoxin (TTX) from Alomone Labs (Jerusalem, Israel).
All data are expressed as means ± SEM. Statistical comparisons
were performed using paired or unpaired t tests as appropriate;
p < 0.05 was considered significant.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/56/6/1103/DC1/.
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